Maternal supplementation with folic acid is known to reduce the incidence of neural tube defects (NTDs) by as much as 70%. Despite the strong clinical link between folate and NTDs, the biochemical mechanisms through which folic acid acts during neural tube development remain undefined. The Mthfd1l gene encodes a mitochondrial monofunctional 10-formyl-tetrahydrofolate synthetase, termed MTHFD1L. This gene is expressed in adults and at all stages of mammalian embryogenesis with localized regions of higher expression along the neural tube, developing brain, craniofacial structures, limb buds, and tail bud. In both embryos and adults, MTHFD1L catalyzes the last step in the flow of one-carbon units from mitochondria to cytoplasm, producing formate from 10-formyl-THF. To investigate the role of mitochondrial formate production during embryonic development, we have analyzed Mthfd1l knockout mice. All embryos lacking Mthfd1l exhibit aberrant neural tube closure including craniorachischisis and exencephaly and/or a wavy neural tube. This fully penetrant folate-pathway mouse model does not require feeding a folate-deficient diet to cause this phenotype. Maternal supplementation with sodium formate decreases the incidence of NTDs and partially rescues the growth defect in embryos lacking Mthfd1l. These results reveal the critical role of mitochondrially derived formate in mammalian development, providing a mechanistic link between folic acid and NTDs. In light of previous studies linking a common splice variant in the human MTHFD1L gene with increased risk for NTDs, this mouse model provides a powerful system to help elucidate the specific metabolic mechanisms that underlie folate-associated birth defects, including NTDs. C losure of the neural tube during development is a highly complex but poorly understood process. Not surprisingly, neural tube defects (NTDs) have a multifactorial etiology, including both genetic and environmental factors. The importance of maternal folate status to NTD risk was first suggested more than 40 y ago (1) . Many human studies show that periconceptional intake of supplemental folic acid can reduce the incidence of NTDs by as much as 70% in some populations (reviewed in ref.
2). These results led to mandated fortification of all enriched cereal grain products with folic acid in the United States beginning in 1996 to ensure that women of child-bearing age would consume adequate quantities of the vitamin. Although folic acid fortification has decreased NTD incidence in some subpopulations, fortification has not completely eliminated NTDs (3) . Despite the strong clinical link between folate and NTDs, the biochemical mechanisms through which folic acid acts during neural tube development remain undefined.
Folate-dependent one-carbon (1C) metabolism is highly compartmentalized in eukaryotes, and mitochondria play a critical role in cellular 1C metabolism (4) . The cytoplasmic and mitochondrial compartments are metabolically connected by transport of 1C donors such as serine, glycine, and formate across the mitochondrial membranes, supporting a mostly unidirectional flow (clockwise in Fig. 1 ) of 1C units from serine to formate, and onto purines, thymidylate (dTMP), and methionine. It appears that under most conditions, the majority of 1C units for cytoplasmic processes are derived from mitochondrial formate (reviewed in ref. 4 ). This formate is exported to the cytoplasm where it is reattached to tetrahydrofolate (THF) for use in de novo purine biosynthesis, or further reduced for either thymidylate synthesis or remethylation of homocysteine to methionine. The 1C unit interconverting activities represented in Fig. 1 by reactions 1-3 (and 1m-3m in mitochondria) are the central players in this intercompartmental pathway. These crucial reactions are catalyzed by members of the methylenetetrahydrofolate dehydrogenase (MTHFD) family in eukaryotes. The first member of this family to be characterized was the cytoplasmic MTHFD1 protein, a trifunctional enzyme possessing 10-formyl-THF synthetase, 5,10-methenyl-THF cyclohydrolase, and 5,10-methylene-THF dehydrogenase activities (reactions 1-3). This enzyme incorporates formate, released from mitochondria, into the cytoplasmic 1C THF pool as 10-formyl-THF (CHO-THF), which is required for de novo purine biosynthesis. MTHFD1 can also catalyze reduction of the 1C unit to 5,10-methylene-THF (CH 2 -THF) for dTMP synthesis (reaction 10), or for methyl group biogenesis via 5-methyl-THF (CH 3 -THF) (reaction 6).
Identification of the enzymes that catalyze reactions 1m-3m in mammalian mitochondria has lagged behind that of the cytoplasmic portion of the pathway. The MTHFD2 protein is a mitochondrial bifunctional CH 2 -THF dehydrogenase/methenyl-THF cyclohydrolase (reactions 3m and 2m) (5). However, because MTHFD2 is expressed only in transformed mammalian cells and embryonic or nondifferentiated tissues (6) the enzyme(s) responsible for the CH 2 -THF dehydrogenase/methenyl-THF cyclohydrolase activities observed in adult mammalian mitochondria (7) remained unknown. This gap was recently filled by identification of a new mitochondrial CH 2 -THF dehydrogenase isozyme, encoded by the Mthfd2l gene, expressed in embryos and in adult tissues (8) . Like MTHFD2, the MTHFD2L enzyme is bifunctional, possessing both CH 2 -THF dehydrogenase and methenyl-THF cyclohydrolase activities (reactions 3m and 2m).
The final step in the mammalian mitochondrial pathway to formate (reaction 1m) is catalyzed by mitochondrial 10-formyl-THF synthetase, encoded by the Mthfd1l gene (9) . Despite sharing 61% amino acid similarity with the cytoplasmic trifunctional MTHFD1, MTHFD1L is a monofunctional enzyme, possessing only the 10-formyl-THF synthetase activity (reaction 1m) (10) . The Mthfd1l gene is expressed in most adult tissues, but at higher levels in spleen, thymus, brain, and placenta (9, 11) . The Mthfd1l gene is also expressed at all stages of mammalian embryogenesis and ubiquitously throughout the embryo but with localized regions of higher expression along the neural tube, the brain, craniofacial structures, limb buds, and the tail bud (12) . Moreover, metabolic tracer experiments in mouse embryonic fibroblasts showed that more than 75% of 1C units that enter the cytoplasmic methyl cycle are mitochondrially derived (12) . Thus, in both embryos and adults, MTHFD1L catalyzes production of formate from 10-formyl-THF, the last step in the flow of 1C units from mitochondria to cytoplasm.
To investigate the role of mitochondrial formate production during development, we have analyzed Mthfd1l knockout mice. We show here that loss of MTHFD1L is lethal to developing embryos, causing fetal growth restriction and aberrant neural tube closure with 100% penetrance in embryos that develop past the point of neural tube closure. Although there are other folaterelated mouse models that exhibit NTDs, the Mthfd1l knockout mouse is a fully penetrant model that does not require feeding a folate-deficient diet to cause this phenotype. Moreover, we show that maternal supplementation with sodium formate decreases the incidence of NTDs and partially rescues the growth defect in embryos lacking Mthfd1l. These results reveal the critical role of mitochondrial formate in mammalian development, providing a mechanistic link between folic acid and neural tube defects. In light of previous studies linking a common splice variant in the human MTHFD1L gene with increased risk for NTDs (13) , this mouse model provides a powerful system to help elucidate the specific metabolic mechanisms that underlie folate-associated birth defects, including NTDs.
Results

Mthfd1l
Is Essential in Mice. We obtained a strain of conditional knockout ready Mthfd1l mice from the European Conditional Mouse Mutagenesis Program (EUCOMM). In this strain, the Mthfd1l locus is modified by the insertion of a cassette, containing a splice acceptor, internal ribosome entry site, the β-galactosidase gene (LacZ) followed by a polyadenylation signal, and the gene for neomycin phosphotransferase (Neo) between exons 4 and 6 of Mthfd1l (Fig. 2A) . This allele has three LoxP sites: one between the polyadenylation signal and Neo and two flanking exon 5. To generate a null allele, the mice were crossed to a Cre deleter strain, E2a-Cre (14) . Recombination at the LoxP sites removes Neo and exon 5 to produce a disrupted allele containing LacZ followed by a polyadenylation signal ( Fig. 2A) . Transcription of the disrupted allele is expected to produce a transcript containing exons 1-4 spliced to LacZ. The disrupted Mthfd1l allele will herein be designated as Mthfd1l z . The genotype was confirmed by PCR (Fig. 2B) and RT-PCR analysis indicated that the WT Mthfd1l transcript is absent in Mthfd1l z/z embryos (Fig. 2C) +/+ and Mthfd1l z/+ genotypes were observed in the expected frequency (P = 0.75). Males and females were found at the expected frequencies, and Mthfd1l z/+ mice appear healthy and breed normally.
Homozygous Deletion of Mthfd1l Results in Delayed Embryonic Growth
and Defective Neural Tube Closure. Because we did not recover any Mthfd1l z/z pups at birth, we sought to determine the embryonic phenotype. Embryos were dissected from pregnant dams at E8.5-E15.5, genotyped using yolk sac tissue, and their gross morphology was examined. All observed Mthfd1l z/z embryos exhibited a growth delay compared with WT and Mthfd1l z/+ littermates. The cleavage system (GCS); 6, 5,10-methylene-THF reductase; 7, methionine synthase; 8, dimethylglycine dehydrogenase; 9, sarcosine dehydrogenase; and 10, thymidylate synthase. All reactions from choline to sarcosine are mitochondrial except the betaine to dimethylglycine conversion, which is cytoplasmic. Hcy, homocysteine; AdoHcy, S-adenosylhomocysteine; AdoMet, S-adenosylmethionine. severity of the developmental delay was variable, but on average the null embryos appeared to lag ∼0. (Fig. 3 B-E) . The remaining two Mthfd1l z/z embryos had completely open neural tubes but were not scored as having craniorachischisis because these embryos had failed to turn, suggesting that they may have been in the process of resorption. The most common NTD phenotype was exencephaly with a wavy neural tube ( Fig. 3D ; n = 11), or exencephaly alone (Fig. 3B, n =  3) . The most severe NTD observed was craniorachischisis ( Fig.  3C ; n = 1). The nine Mthfd1l z/z embryos whose neural tubes had closed all displayed a wavy neural tube with a small, aberrantly formed head (Fig. 4B) . In all, 20/24 Mthfd1l z/z embryos exhibited a wavy neural tube, and the earliest observation of this phenotype was at E9.5. The location of the waviness in the neural tube was variable, but most embryos exhibited a wavy neural tube beginning at approximately the same axis as the forelimb and extending caudally past the forelimb, as depicted in Fig. 3 D and E. Because many studies have noted an increased incidence of NTDs in females (15), E11.5-E12.5 Mthfd1l z/z embryos were genotyped for presence of the sex-receptor Y (SRY) locus. No bias was found for either sex [females n = 6 (40%), males n = 9 (60%), P = 0.44].
In addition to aberrations in neural tube closure, we also noted facial deformities in Mthfd1l z/z embryos that were most apparent at the later stages. Compared with somite-matched WT or heterozygous embryos, E12.5 Mthfd1l z/z embryos display immature maxillary and mandibular processes (Fig. 3G) . In Mthfd1l z/z embryos, the maxillary processes of the first branchial arch appear globular and more widely separated than in somitematched control embryos. In addition, the mandibular processes are undergrown (Fig. 3 F and G ; n = 7/7 embryos examined). No surviving Mthfd1l z/z embryos were observed after E12.5, preventing a later analysis of the phenotype.
Histological Analysis of Neural Tube Phenotypes. We sectioned control (Mthfd1l z/+ ) and Mthfd1l z/z embryos stained for β-galactosidase at E10.5 and E11.5. This allowed us to visualize regionalized β-galactosidase activity, which should act as a reporter for Mthfd1l transcription (Fig. 2A) . To confirm that the LacZ reporter recapitulated endogenous Mthfd1l gene expression, we compared the patterns detected by β-galactosidase staining in Mthfd1l z/+ sections with endogenous Mthfd1l gene expression. Using in situ hybridization, we observed transcript expression in the ectoderm, underlying mesenchyme, and dorsal neural tube (Fig. 4 C, F, and I) . In the neural tube, the highest expression is detected in the basal surface of the dorsal neuroepithelium (Fig.  4F, arrowheads) . β-galactosidase activity was more restricted in Mthfd1l z/+ embryos (Fig. 4D ), but is still seen within the same region of the neural tube as the gene expression pattern. We conclude that the LacZ reporter partially recapitulates endogenous Mthfd1l gene expression with the difference most likely being due to reduced sensitivity.
Mthfd1l z/+ whole mount embryos stained for β-galactosidase activity have the highest levels in the eyes, heart, limb, and dorsal midline region (Fig. 4 A and J) . In sectioned Mthfd1l z/+ embryos, β-galactosidase activity is predominantly detected at the basal surface of the dorsal neuroepithelium and is rarely detected in cells within and outside of the neural tube (Fig. 4 D, G, L, and  N) . In sectioned Mthfd1l z/z embryos, β-galactosidase activity is robustly detected both inside and outside the neural tube (Fig. 4  E, H, M, and O) . Similar to Mthfd1l z/+ embryos, β-galactosidase is detected in the neuroepithelium; however, expression is less restricted dorsally in the nulls. In Mthfd1l z/z embryos with closed neural tubes, the morphology was abnormal throughout the neural tube in all embryos sectioned (E10.5 and E11.5, n = 6). Neural tubes had abnormally shaped lumens, including asymmetric dorsal-lateral bulges as well as a broader dorsal lumen that were not seen in controls (Fig. 4 D, 
E, G, H, and L-O).
Dietary Supplementation with Sodium Formate. Because disruption of Mthfd1l is expected to result in loss of mitochondrial formate production, we sought to determine if maternal formate supplementation would improve development of Mthfd1l z/z embryos. Pregnant dams were given ad libitum access to water containing sodium formate to achieve a calculated dose of 5,000 or 7,500 mg sodium formate·kg displayed normal neural tube closure and 3 had exencephaly ( Fig. 5 B and D) . Thus, compared with nulls from unsupplemented dams, formate supplementation at 7,500 mg·kg
gives a significantly higher frequency of nulls with normal neural tube closure (P = 0.028). Importantly, 6 of the 14 Mthfd1l z/z embryos were dissected from dams at E13.5 or E15.5, whereas no surviving Mthfd1l z/z embryos were observed after E12.5 from unsupplemented dams. Although we could not compare supplemented versus nonsupplemented embryos after E12.5 because of lethality of the unsupplemented embryos, formate supplementation partially rescues the growth defect in Mthfd1l z/z embryos ( Fig. 5 A and B) . The crown-rump length of formate supplemented Mthfd1l z/z E11.5 embryos was significantly greater than in unsupplemented Mthfd1l z/z embryos (5.0 ± 0.1 vs. 3.6 ± 0.3 mm, respectively; P < 0.01). Supplementation had no significant effect on crown-rump length of WT embryos (5.9 ± 0.2 mm).
Discussion
In this study, we have shown that all embryos lacking Mthfd1l exhibit aberrant neural tube closure including craniorachischisis and exencephaly and/or a wavy neural tube. The NTD phenotype (exencephaly and craniorachischisis) is accompanied by abnormal neural tube morphology characterized by asymmetric bulges in the neuroepithelium and a wider lumen in wavy areas of the neural tube. In addition to the NTD phenotype, Mthfd1l z/z embryos show immature maxillary and mandibular process development. Finally, we show that maternal formate supplementation significantly reduces the incidence of NTDs, partially rescues the growth defect, and allows survival past the point of lethality seen in unsupplemented Mthfd1l z/z embryos. This knockout mouse is a fully penetrant folate-pathway mouse model that does not require feeding a folate-deficient diet to cause these phenotypes. More than 10 folate-related mouse mutants have been characterized thus far (16) , but NTDs are observed in only three: Folr1, Shmt1, and Amt. Folr1 encodes folate receptor 1, one of the major folate transport systems, and homozygous knockout of Folr1 produces a severe folate deficiency in the embryo that can be rescued with maternal 5-formyl-THF supplementation (17) . This rescue is "tunable," and depending on the dose of 5-formyl-THF administered to mothers during gestation, Folr1 −/− embryos develop NTDs and orofacial deformities or can be rescued to birth. Homozygous knockout of Shmt1, which encodes a cytoplasmic folate-metabolizing enzyme (Fig. 1, reaction 4) , gives rise to a low frequency of NTDs in embryos from Shmt1 −/− dams fed a folate-deficient diet (18, 19) . Amt encodes an aminomethyltransferase that is a subunit of the mitochondrially localized glycine cleavage system (GCS), which processes glycine to donate 1C units to THF, forming CH 2 -THF (Fig. 1, reaction 5 ). Homozygous deletion of Amt is embryonically lethal, and Amt −/− embryos develop NTDs with 87% penetrance (20) . The phenotype exhibited by the Amt knockout mouse suggests that the demand for 1C units is high during neurulation. This is consistent with the observation that maternal supplementation with methionine, which provides 1C units via the methyl cycle (Fig. 1) , significantly improves neurulation in Amt null embryos, whereas folic acid has no effect (20) . The importance of the GCS to neural tube development is also supported by the occurrence of NTDs in the nehe mouse (21) . The nehe mouse carries a hypomorphic allele of lipoic acid synthetase, the mitochondrial enzyme that catalyzes the synthesis of lipoic acid, an essential cofactor for GCS and several other mitochondrial enzymes. One other folate pathway mouse model, targeting Mthfd1 (Fig. 1, cytoplasmic reactions 1-3) , also displays disorganized neural tube closure in heterozygous Mthfd1 gt/+ embryos from Mthfd1 gt/+ dams fed a folate-deficient diet (22) . Although the defects in this model are not classic NTDs, they are reminiscent of the wavy neural tube phenotype we observe in Mthfd1l z/z embryos. Our observation that Mthfd1l z/z embryos develop NTDs confirms that integrity of the mitochondrial 1C pathway is essential for normal neural tube development. As illustrated in Fig. 1 , mitochondria possess multiple enzymes that produce CH 2 -THF from various 1C donors (reactions 4m, 5, 8, and 9) (4). Embryonic mitochondria also possess redundant dehydrogenase/cyclohydrolase enzymes that can oxidize CH 2 -THF to 10-CHO-THF (MTHFD2 and MTHFD2L; reactions 2m and 3m). MTHFD2 is expressed in transformed cells and embryonic or nondifferentiated tissues, but not in adult differentiated tissues (23) . Homozygous knockout of Mthfd2 is embryonic lethal, but does not cause NTDs (24) . Mthfd2 nullizygous embryos develop to about E15.5 and display no gross developmental abnormalities, but they are noticeably smaller and paler than WT and heterozygous littermates. The lack of NTDs in Mthfd2 nullizygous embryos is likely due to the existence of MTHFD2L, a second mitochondrial dehydrogenase/cyclohydrolase. MTHFD2L is expressed in embryos and adults (8) and can presumably support mitochondrial 1C flux to the level of 10-formyl-THF in Mthfd2 nullizygous embryos.
On the other hand, only one enzyme with 10-formyl-THF synthetase activity (MTHFD1L) is known to exist in mitochondria, and this activity is required to produce formate and THF from 10-CHO-THF (Fig. 1, reaction 1m) . Thus, loss of MTHFD1L activity is expected to completely abolish mitochondrial formate production. This metabolic block would then starve the cytoplasm for formate, creating a "formyl trap", analogous to the methyl trap seen when 5-methyl-THF accumulates in vitamin B 12 -deficient cells (25, *) . Although the Mthfd1l knockout mouse is replete of folate, it has no way to catalyze the conversion of 10-formyl-THF to THF plus formate, leading to a trapping of mitochondrial 1C units as 10-formyl-THF, which cannot exit the mitochondrion. This in turn would cause a deficiency in cytoplasmic 1C units, which are needed in stoichiometric amounts for purine and thymidylate production as well as the methyl cycle. The phenotypes of the Shmt1 and Amt knockout mice are consistent with this model of mammalian 1C metabolism. The Shmt1 gene, which encodes cytoplasmic serine hydroxymethyltransferase (Fig. 1, cytoplasmic reaction 4) , is not essential in mice (26) , indicating that mitochondrial SHMT (mitochondrial reaction 4m) is fully capable of providing all of the 1C units needed in both the embryo and the adult. The neural tube phenotype in Amt nullizygous embryos lacking GCS activity (mitochondrial reaction 5) (20) is less severe than that in Mthfd1l knockout embryos. Presumably, the existence of alternative mitochondrial 1C donors (e.g., serine) allows some of the Amt −/− embryos to develop normally. On the other hand, all mitochondrial 1C units, whatever their source, must pass through the MTHFD1L reaction to supply the cytoplasm with formate; any defect in this step would be expected to cause a more severe phenotype. The importance of mitochondrially derived formate is supported by our results demonstrating a significant reduction in the incidence of NTDs and partial rescue of Mthfd1l z/z embryonic growth with maternal formate supplementation.
MTHFD1L thus controls the flux of 1C units from mitochondria into cytoplasmic processes such as purine and thymidylate biosynthesis and the methyl cycle (Fig. 1) . De novo purine biosynthesis is essential for cell division, and S-adenosylmethionine synthesis is critical for chromatin and DNA methylation, which play essential roles during cell differentiation (27, 28) and cell migration (29) . Epigenetic modifications are particularly dynamic, with extensive reprogramming of DNA methylation during early embryogenesis (30) . Disruption of the methyl cycle is known to induce NTDs in cultured mouse embryos (31) and cranial defects are observed in DNA methyltransferase 3b nullizygous embryos (32) . Recent studies in humans have linked maternal folate status and occurrence of NTDs to tissue-specific DNA hypo-and hypermethylation patterns, with decreased DNA methylation observed in NTD brain tissue compared with normal embryos (33) . Protein methylation is also involved in neural tube development, and hypomethylation of neural tube proteins is accompanied by a failure of the neural tube to close in rat embryos cultured in methionine-deficient conditions (34) . The cytoskeletal proteins β-actin and tubulin are known to be methylated during neural tube closure (35) , and proper function of the cytoskeleton is required for cranial neural tube closure (reviewed in ref. 36) .
A common polymorphism in MTHFD1L has been shown to be strongly associated with NTD risk in an Irish population (13) , suggesting that MTHFD1L also plays an important role in human neural tube development. Importantly, disruption of MTHFD1L function does not cause cellular folate deficiency (like a transport defect); rather, it blocks a specific metabolic step: the production and release of formate from mitochondria into the cytoplasm. This metabolic defect causes aberrant neural tube closure including craniorachischisis and exencephaly and/or a wavy neural tube phenotype in 100% of Mthfd1l z/z embryos (Fig. 3) . The Mthfd1l mouse model should prove useful for identifying the mechanisms that underlie the folate dependence of normal neural tube development as well as for defining the metabolic pathways that are most severely affected by cytoplasmic formate deficiency. Determination of these pathways will enhance our understanding of folate-mediated 1C metabolism and may even suggest additional interventions to protect against folate-resistant NTDs in humans.
Methods
Mice. All protocols used within this study were approved by the Institutional Animal Care and Use Committee of The University of Texas at Austin and conform to the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All mice were maintained on a C57BL/6 genetic background. Mice harboring a floxed conditional knockout cassette between exons 4 and 6 of Mthfd1l were obtained from the Wellcome Trust Sanger Institute (EUCOMM ID 37226). Mice carrying the floxed Mthfd1l allele were mated to mice expressing Cre recombinase under control of the E2a promoter (E2a-Cre) (14) to generate heterozygous Mthfd1l z/+ embryos lacking exon 5 and the neomycin resistance cassette (Fig. 2A) . All mice were given ad libitum access to water and standard mouse chow (LabDiet 5K67).
Genotyping. Genotyping was carried out by a modified PCR method (37) . A mixture of three primers was used to detect the WT and/or recombined allele ( Fig. 2A) . To detect the WT allele, a forward primer (F) binding in the 5′ region outside of the conditional cassette (5′-GAGTATGTGATTGCTTG-GACCCCCAGGTTCC-3′) and a reverse primer (R1) binding 5′ to exon 5 (5′-TGGCTCCCGAGGTTGTCTTCTGGCTATGAT-3′) were used. Amplification using these primers results in a 444-bp amplicon from the WT allele. Amplification of the mutant allele uses the forward primer F and a reverse primer (R2) complementary to a region only found in the gene-targeting cassette (5′-CGGCGCCAGCCTGCTTTTTTGTACAAACTTG-3′). Amplification using these primers results in a 324-bp amplicon in the presence of the mutant allele. See Fig. 2A for a schematic of primer binding sites used to detect Mthfd1l and Mthfd1l z . Cre recombinase was detected using 5′-GCATTACCGGTC-GATGCAACGAGTGATGAG-3′ and 5′-GAGTGAACGAACCTGGTCGAAATCAG-TGCG-3′ to produce a 408-bp amplicon, and SRY was detected using 5′-TTGTCTAGAGAGCATGGAGGGCCATGTCAA-3′ and 5′-CCACTCCTCTGTGACA-CTTTAGCCCTCCGA-3′ to detect a 273-bp amplicon.
RT-PCR. Total RNA was prepared from Mthfd1l +/+ , Mthfd1l z/+ , and Mthfd1l z/z mouse embryos dissected at E11.5. First-strand cDNA was synthesized using the SuperScript III First-Strand Synthesis System (Invitrogen) and random hexamers. PCR was performed using a forward primer f (5-CTCACATCT-GCTTGCCTCCA-3′) binding in exon 4 and a reverse primer r (5′-ATGTCCC-CAGTCAGGTGAAG-3′) binding in exon 14 to amplify a 1,087-bp amplicon from the WT transcript (see Fig. 2A for a schematic of primer binding sites).
Primers amplifying a 115-bp amplicon (forward: 5′-AGAGACGGCCGCAT-CTTC-3′, reverse: 5′-CAAATGGCAGCCCTGGTGA-3′) from GAPDH were used as a positive control for cDNA quality.
Mitochondrial Isolation and Immunoblotting. Mitochondria were isolated from one embryo (Mthfd1l +/+ and Mthfd1l z/+ ) or three embryos (Mthfd1l z/z ) as previously described (12), except embryos were homogenized by pipetting. Protein concentration was determined by BCA assay (Thermo Fisher Scientific).
Proteins were separated by SDS/PAGE and immunoblotted using rabbit polyclonal anti-MTHFD1L (1:1,000) (11) . After incubation with HRP-conjugated goat anti-rabbit IgG (1:5,000) (Invitrogen), reacting bands were detected using ECL Plus (GE Healthcare Life Sciences). After stripping, blots were reprobed with rabbit polyclonal anti-Hsp60 (1:1,000) (Enzo Life Sciences).
Histology. Embryos were stained for β-galactosidase activity overnight as described previously (38) . Stained embryos were embedded in paraffin, sectioned at the level of the forelimb (4-μm thickness) and counterstained with nuclear fast red. Mthfd1l whole mount in situ hybridization was performed using a riboprobe against the 3′ UTR as previously described (12) . Embryos were then embedded in OCT medium and cryosectioned at the level of the forelimb (12-μm thickness).
Maternal Supplementation with Sodium Formate. Mthfd1l z/+ matings were set up in a cage equipped with a water bottle containing either 0.37M or 0.55M sodium formate. The females had access to the supplemented water at least 1 d before observation of the plug. These concentrations were calculated to deliver either 5,000 or 7,500 mg sodium formate·kg −1 ·d −1 , respectively, based on an average water intake of 5 mL/d for a 25-g C57BL/6 mouse (39). The effect of formate supplementation was analyzed by a two-sided χ 2 test
for NTD incidence and two-way ANOVA with Bonferroni posttest for crownrump length.
